Slow beams of neutral molecules are of great interest for a wide range of applications, from cold chemistry through precision measurements to tests of the foundations of quantum mechanics. We report on the quantitative observation of thermal beams of perfluorinated macromolecules with masses up to 6000 amu, reaching velocities down to 11 m/s. Such slow, heavy and neutral molecular beams are of importance for a new class of experiments in matter-wave interferometry and we also discuss the requirements for further manipulation and cooling schemes with molecules in this unprecedented mass range.
I. INTRODUCTION
Stimulated by the great success of atom cooling and trapping experiments [1, 2] , much effort has also been directed at demonstrating slow or cold molecular beams.
This includes the pioneering work on the deceleration [3] and trapping in electric [4, 5] or magnetic fields [6, 7] . Similarly the deceleration of the heavier YbF to 287 m/s was realized for new precision experiments [8] . Optical dipole forces were employed to slow C 6 H 6 to 300 m/s [9] . A back-rotating nozzle was used for reducing the speed of SF 6 to 55 m/s [10] and backrotating silicon paddles significantly decelerated fast Helium atoms [11] . Laser implantation into cryogenically cooled Helium allowed the formation of PbO beams at 40 m/s [12] . The slowing of NO molecules in billiard-like collisions with Ar reduced their velocity to 15 m/s [13] . Slow and cold dimers were also formed in a reaction between counter-propagating H and halogen atoms [14] . Finally, cavity assisted optical manipulation methods [15] have recently been proposed for cooling external and internal [16] degrees of freedom in small molecules. The rapid evolution of molecule experiments opens the question if some of the new methods could also be applied to distinctively more massive systems. This is particularly interesting with regard to the stringent requirements of quantum interferometry with massive compounds [17] .
Common to all such experiments is the need to volatilize complex materials at sufficiently low kinetic energy, which is usually a great challenge. For organic molecules one often observes an increase in the particle's electric polarizability, dipole moment and number of weak bonds when the number of atoms per molecule is augmented. Correspondingly, there is an overall trend for large molecules to have a low vapor pressure and a high fragmentation probability at elevated temperatures.
Some of these problems can be circumvented by recurring to matrix assisted laser desorption (MALD) [20] , jet expanded laser desorption (JETLD) [21] or electro-spray ionization (ESI) [22] , but only at the expense of produc- ing either fast (MALD,JETLD) or highly charged (ESI) molecular beams.
II. EXPERIMENTAL CHARACTERIZATION OF LARGE MOLECULES IN THE GAS PHASE
In marked contrast to these observations, we here report on new perfluoroalkylated neutral particles in the mass range up to more than 6000 amu, whose vapor pressures are sufficiently high and whose velocities are sufficiently low to open a new experimental window for new coherent (interferometry, molecular lenses) or incoherent (cooling) molecular manipulation schemes. 
A. Molecule
In particular we study the perfluoroalkylated carbonsphere C 60 [(CF 2 ) 11 CF 3 ] n H m , where m ∈ {0...2} is the number of attached H atoms and n ∈ {0...9} is the number of fluorinated side-chains attached to the C 60 core. Figure 1 shows an energetically non-relaxed view of the molecule, to illustrate its overall structure and complexity. The molecules [23] were synthesized by one of the authors (P F). The mass of a nanosphere with n=9 side-chains exceeds that of any molecule in all previous slow-beam studies by more than an order of magnitude, and even that of a small protein, such as insulin (m∼5700 amu).
B. Beam machine
Our experiments were performed in a vertical fountain configuration, which is crucial for measuring high intensities in particular for slow molecules, see Fig. 1 . The material was evaporated in a furnace with a circular aperture of 500 µm diameter. The home-made helical velocity selector, shown in Fig. 1 is located 5 mm above the furnace aperture and has a length of 140 mm and a radius of 48 mm. The velocity selection is done by channels (grooves) in the rim of the selector which have a slope with regard to the selector axis. The angle of between the grooves and the rotor axis is 13 rad. The angular velocity of the rotor determines the mean velocity of the transmitted molecules. The bandwidth of ∆v/v = 5% (FWHM) is determined by the aspect ratio (width/length) of the milled grooves in the selector. For our model, a rotation frequency of 1 Hz corresponds to a molecule velocity of 1.08 m/s and the mean transmitted velocity scales linearly with the rotor frequency. The phase stability of the rotation of the selector was carefully checked and maintained with a stroboscopic flash lamp operating at the rotation frequency with ∆f = 0.1 %. Having passed the selector, and after a drift region of 0.5 m above the furnace the perfluorinated compounds were finally detected using electron impact ionization quadrupole mass spectroscopy in a differentially pumped second vacuum chamber. We used an Extrel quadrupole mass spectrometer with electron energy of E kin =40..70 eV which allows to detect molecules with masses up to 9000 amu. We here report on the first on electron impact ionization for detecting those large perflouroalkylated molecules [23] . For the mass spectrum shown in Figure 2 a) the spectrometer was optimzed to the signal of nanospheres with n=7 side-chains (see discussion below).
C. Characterization of the carbon nanospheres
Figure 2 a) shows a mass spectrum of the post-ionized perfluoroalkylated carbon spheres. We identify molecules with between one and nine intact side chains. The relative intensity of these peaks is determined by the chemical synthesis and might be influenced by the chemical rearrangements during long-time storage, spectrometer settings as well as fragmentation processes during both the evaporation and the ionization process. But the variation of their peak height with the furnace temperature is an absolute measure for their sublimation enthalpy. In order to quantify this, we linearly ramp the temperature with a heating rate of 0.7 K/min and record the exponential increase of the count rate. Using the ClausiusClapeyron equation we evaluate the sublimation enthalpy ∆H sub from an Arrhenius fit to the data (see Figure2 b) . The results are summarized in Table I .
We have also estimated the scalar polarizability α using the software Gaussian03 [24] with a reduced HartreeFock method and the 6-31 G polar basis. We find a scalar static polarizability of α = 194Å
3 and a permanent dipole moment of about 6 Debye for the carbon nanosphere with n=7. The compound with n=1 was calculated to have a static polarizability of α = 84Å 3 which is close to the measured value for an individual C 60 molecule [35] . Each additional side-chain adds to the total polarizability with about 18Å 3 . The low α/mvalue is consistent with the unusually high vapor pressure of these perfluorinated compounds, making them particularly useful for generating slow thermal beams.
All sublimation enthalpies are equal within their error bars. This is both compatible with an possible initial mixture of different perfluoroalklated carbonspheres with very similar α/m ratios, as well as with a monodisperse distribution of large molecules, undergoing fragmentation in the ionization process. The compound of the PerfluoroC 60 with seven side chains had the highest absolute signal in this series of experiments. It reached up to 750000 cps at 635 K, corresponding to a molecular flux of 10 11 s −1 cm −2 in the detection region -that is 800 mm above the furnace. From the measured flux and the velocity we can calculate the number density to be 10 13 cm −3 for a distance 3 mm above the source exit (see cavity focusing below). Here we assume a rather conservative total detection efficiency for the neutral particles of about η = 10 −4 . This estimate is based on the observation by Bart et al. [25] that the electron impact ionization cross section per bond can be extrapolated to larger perfluoinated hydrocarbons. The electron impact ionization cross section here was thus estimated to be σ P erf luoroC60 = 2.7 × 10 −18 m 2 . The observation of a rather high flux of intact neutral and very massive molecules is a key result of great importance for the proposed interferometry and optical manipulation applications.
D. Velocity measurments
Earlier experiments already showed that matter wave interferometry is well feasible for de Broglie wavelengths larger than about one picometer [17] . For molecules with a mass of 5000 amu this limit is touched at a velocity of 55 m/s. Help in this situation may come from the expectation that massive molecules from thermal sources propagate at low mean velocities. We therefore present in Fig. 3 the velocity spectrum of the carbon nanospheres with n = 7 side chains. We observed a floating MaxwellBoltzmann distribution
with a most probable velocity of v m =51 m/s, which is about 15% faster than v m = 2k B T /m = 44 m/s, which would be expected for a fully effusive beam. The width of the curve fits to an ensemble temperature of 302 K, compared to the source temperature of 585 K. This indicates that the source operates at the transition between an effusive and a weakly supersonic beam [26] which provides already translational cooling by a factor of two. But even more importantly, we still find a detectable fraction of particles at velocities down to 11 m/s. Such low velocities may come as a surprise, given the well-established fact that in atomic fountains the slow fraction of the atomic ensemble is usually suppressed by collisions with faster particles [37] . Although while we also see a shift to higher velocities, we still maintain an overall slow envelope, since our seed gas is the molecule itself with a mass of about 5000 amu and the experimental observation is in good agreement with elementary theoretical expectations.
The rather significant signal at low velocities is very promising for testing matter-wave physics in an unprecedented mass range using a new interferometer concept that has recently been developed in our group [27] . With regard to future matter wave experiments it is important to see, that the geometrical cross section of perfluoralkylated particles exceeds that of C 60 already by a factor of about ten, while their scattering cross section, determined by the van der Waals interaction, remains still comparable. This is particularly relevant with respect to the suppression of collisional decoherence [28] . 
III. OPTICAL MANIPULATION OF MASSIVE MOLECULAR BEAMS
Given the low velocity of these heavy molecules it is intriguing to also explore the possibilities for new postprocessing schemes to reshape and possibly further increase the phase-space density using off-resonant light fields. We start by first estimating the laser power which is required to manipulate molecules with a thermal kinetic energy of ∼50 meV. This corresponds to a velocity of 44 m/s for the n=7 perfluoroalkalyted nanosphere. A far-detuned Gaussian laser beam of power P , focused to a waist of w 0 =100 µm, creates a dipole potential of welldepth
i.e. of 3.3 neV per Watt for a molecular polarizability of 200Å 3 . A power of P =15 MW is therefore needed, if we wish to fully compensate the kinetic energy of our supermassive molecules. This power can be provided by a common Q-switched laser with a pulse energy of 75 mJ delivered in a pulse duration of 5 ns. However, we also have to consider that about N abs photons are absorbed by each molecule during the interaction time τ with the laser, where
Since our perfluorinated compounds have an NIR (1064 nm) absorption cross section of σ 1064 = 3 × 10 −23 m 2 , a 75 mJ stopping laser would deposit about 770 photons in each molecule and would thus be likely to destroy the particle. The σ-value was measured for solvated molecules and it might be smaller by an order of magnitude for molecules in the gas-phase [29] .
Higher intensities can be achieved with shorter laser pulses: Let us consider a picosecond laser with a pulse duration of 7.5 ps, a pulse energy of 3 mJ, a wavelength of 1064 nm, and a waist of 1 mm, which is counterpropagating with respect to the molecular beam (see Figure 4 c). It would generate an off-resonant slowing/focusing potential of 13 meV in both the transverse and the longitudinal molecular beam direction. A fraction of the molecules will be decelerated by about 6 m/s. Only 0.3 IR photons would be absorbed by each molecule per light pulse. Slowing of our molecules by pulsed laser light will therefore work as good as reported before for benzene molecules [9] .
A. Optical focusing in a cavity
It might be of even greater relevance not to stop a pulsed molecular beam but rather to transversely guide and collimate a subset of continuously emerging molecules. Here we are aiming at an increased signal for interference and spectroscopy experiments. As a first example, we consider realizing an optical lens for these molecules by passing them through a focused Gaussian mode of an intense laser beam. Using a high-Q buildup cavity, intra-cavity intensities of up to 10 4 W are well conceivable, which, focused to a waist of 100 µm, would provide an optical potential depth of 0.03 meV. For m=5053 amu we see that the transverse potential would capture all molecules with a transverse speed of up to 1 m/s. Hence, such a cavity enhanced laser beam close to the oven, should increase the molecular flux at the position of the detector. Each molecule would absorb about 200 IR photons (1064 nm) during the passage through the focusing cavity which should be close to the damage threshold.
To illustrate a realistic scenario we simulate the colli- mation of a beam of 5000 amu particles in a cavity enhanced laser field of 6 × 10 4 W. The perturbing influence of a standing light wave force grating would be eliminated in a ring cavity (see Fig. 4 a) . The proposed collimation cavity is very similar in dimensions to one used to optically trap 85 Rb atoms [31] . In Fig.5 we show simulated trajectories of molecules with an average velocity ofv = 50 m/s and a transverse and longitudinal velocity spread of ±1 m/s emanating from a square shaped source of 50×50µm
2 . This is the fraction of molecules which are captured and focused by a Gaussian beam of w 0 = 100 µm and Rayleigh length of z R ∼ 3 cm, positioned at d=3 mm above opening of the thermal source. For a properly chosen intensity, collimation and/or focusing can be achieved in both transverse directions at input laser powers in the 1...10 W range.
We therefore expect a signal gain in the forward direction by about a factor of two, when using a single cavity and up to a factor of four, when using two orthogonal fields. This increase is already rather significant and will enable interferometry experiments with these larger perfluoroalkylated molecules [36] .
B. Optical cooling in a cavity
In an experimentally more challenging next step one can employ cavity mediated laser cooling of these macromolecular beams. As individual particles in are only very weakly coupled to the light field, standard cavity cooling [30, 32] is too slow to be useful without an additional trap, but the use of collective effects will yield a measurable result. Here we suggest a linear confocal cavity with the axis perpendicular to both the direction of the molecular beam and the pumping light (see Fig. 4 b) . For a 1 cm long cavity with a 400 µm waist and a line width of κ ≈ 2π × 1 MHz at 1 mm above the source one would expect cooling times of seconds for individual molecules. However, given the high number density of N > 10 9 perfluorinated particles in the cavity mode volume of 1.2 mm 3 , close to the furnace exit, one can expect a substantial collective enhancement of the cooling effect. Additional light scattering at intra-cavity molecules in the direction of the mode further deepens the cooling potential and enhances cooling in the direction of the cavity. The cavity photon number and therefore the enhancement effect scales with N 2 [33] . Efficient cooling in a single mode can be achieved as soon as the selforganization threshold light power P T = 1 × 10 3 W is reached [34] .
FIG. 6:
Cavity assisted optical cooling in one transverse molecular beam direction: (a) Time evolution of kinetic energy along cavity axis for N = 1000 particles of mass 5000 amu, passing through a cavity with waist w0 = 400µm with average velocity of 10 m/s (∆v = 1.5 m/s) for different laser powers P = PT /3, PT , 3PT , where PT = 1 kW is the effective self-organization threshold, (b) initial and final transverse velocity distributions for these parameters. Note that we rescaled the interaction strength to mimic the actually higher molecule density from the source.
As an example, we calculate the single mode energy loss and the associated change of the transverse velocity distribution of perfluorinated molecules propagating perpendicular to the cavity axis with the slowest experimentally observed velocity in Fig. 6 . Using two modes of the same cavity (or two cavities) the required pump threshold corresponds to about one Watt of input power for a cavity with a finesse F ≈ 10 3 .
IV. CONCLUSION
In conclusion, we have demonstrated that even very massive molecules can form very slow beams at useful intensities. They are very promising for future matterwave experiments and appear to be accessible for a number of optical slowing and cooling experiments with molecules in a new mass regime. Furthermore the exploration of cryogenic cooling schemes could be interesting with these molecules. The doping of perfluoroalkylated nanospheres into cold helium nanodroplets would possibly be a method for enabling high resolution spectroscopy on rather complex molecules [38] .
